The relaxation coefficients to be discussed are given by collision brackets pertaining to the linearized collision operator of the generalized Boltzmann equation for particles with spin. The order of magnitude of various nondiagonal relaxation coefficients which are of interest for the SENFTLEBEN-BEENAKKER effect is investigated. Those nondiagonal relaxation coefficients which are linear in the nonsphericity parameter e (e essentially measures the ratio of the nonspherical and the spherical parts of the interaction potential), as well as some diagonal relaxation coefficients are expressed in terms of generalized Omega-integrals.
In the previous paper 1 , by application of the moment method, a set of "transport -relaxation equations" (TRE) has been derived from the generalized Boltzmann equation for particles with spin 2 . The transport -relaxation equations comprise the constitutive laws (in first and second hydrodynamical approximations) for all the irreversible processes of interest. The pertaining transport constants can be expressed in terms of certain relaxation coefficients, i.e. collision brackets.
In view of the SENFTLEBEN-BEENAKKER effect 3,4 -influence of a magnetic field on the transport 1 S. HESS and L. WALDMANN, Z. Naturforsch. 21a, 1529 [1966] . In the following, this paper will be referred to as I. 2 L. WALDMANN, Z. Naturforsch. 12a, 660 [1957] properties of polyatomic gases -the correlation between linear momentum and internal angular momentum ("spin") of molecules, set up in a transport situation, is of primary interest. This correlation -without field -causes the transport constants to differ by a certain small amount from the "isotropic" values which would be found without such correlation. However, if a magnetic field is applied, the correlation between linear and angular momenta is partially destroyed by the precessional motion of the "spins". Consequently, the transport constants, at least partially, approach their isotro-pic values. This qualitatively explains the magnetic field dependence of heat conductivity and viscosity observed experimentally with paramagnetic 3 and with diamagnetic gases 4 .
To get detailed insight into the nature of this correlation and its role in the SENFTLEBEN-BEENAKKER effect one has to study the relative order of magnitude of the various "nondiagonal" relaxation coefficients which couple -in the TRE -the heat flux vector and the friction pressure tensor with moments that are mean values of "spin"-dependent expansion vectors or tensors. In the present paper, such an investigation shall be given for particles with spin (in the proper sense).
As an example, ortho-hydrogen molecules at low The non-equilibrium state of a gas consisting of particles with spin is described by the one particle
with the normalization
where n is the number density. Here V\ is the are the time and space dependent expansion coefficients I ^ and b^ ^ which appear in the transport-relaxation equations (TRE). The relaxation coefficients co ( pf ) between the Z-th rank tensors with parity P (also occurring in the TRE) are related to collision brackets in the following way:
eo</*> = (21 + (1.6)
Here a>(0) is the linearized collision operator of the transport equation for particles with spin. The bracket < >o refers to an average like (1.5) but with /oi instead of f\. General properties of the collision brackets (parity and time reversal behavior, definiteness, symmetries) have been studied earlier 1 .
For particles with spin the relative kinetic energy is not changed during a binary collision. Of course total momentum is conserved too. So, one has the encounter relations for a pair of particles labelled by 1 and 2 (where primed quantities refer to the precollisional state and unprimed ones to the postcollisional state):
V+ye');
Here V is a dimensionless center of mass velocity of the pair of particles, y the magnitude of the dimensionless relative velocity, e and e are unit vectors in the direction of the relative velocity before and after collision:
Due to (1.7), one has (! 5) /oi/02d^Fid3V2 = nln~3e"" ~d 3 Vy 2 dyd 2 e, (1.9)
where d 2 e is the solid angle element of relative velocity.
The collision term of the transport equation for particles with spin contains the scattering amplitude and its adjoint separately rather than their combination as a scattering cross section. The scattering amplitude a depends on the relative kinetic energy, the directions of the relative velocities before and after the collision (i.e. on e and e) and on the spins si and »2 of both colliding particles:
e', e; su s2).
(1.10)
In the following, we shall not indicate the dependence on the energy and the spins explicitly but simply write a(e', e) instead of (1.10). Now we are prepared to write down the collision bracket ( x Pco(0)}o for two functions W and 0 in a form which, although different in appearance, is equivalent to that used in I. With the help of the optical theorem, the collision bracket will be divided into two parts. The first one is bilinear in the scattering amplitude and its adjoint and yields the classical Boltzmann collision term for spinless particles; the second term contains the "real part of the scattering amplitude"
in the forward direction and vanishes for spinless particles. Introducing the thermal velocity
and the abbreviations
one has
(1.14)
Here the curly bracket {...} denotes the following average:
The part of the collision bracket linear in the real part of the scattering amplitude is where aßbv denotes the second rank irreducible part of the tensor aßbv:
Without the small corrections (of order of the thermal diffusion factor) which arise from higher Sonine polynomials, the diagonal relaxation coefficients a>i 33) and co| 1 2 1) would determine the heat conductivity and the viscosity, respectively, of a gas consisting of particles with spin if no correlations between velocity and spin would be set up by the irreversible processes. The nondiagonal relaxation coefficients a/* 3) and co ( '+o\ k =t = 3, 1 respectively, which lead to such correlations (by coupling mean values of spin-independent tensors to mean values of spin-dependent tensors) shall be studied in the following sections.
Here we shall show that the collision brackets for spin-independent tensors can be related to certain integrals which are analogous to CHAPMAN'S integrals of the monatomie gas 11 but with the scattering cross section of spinless particles replaced by a spin-averaged cross section a.
For the evaluation of coi 33) and co ( + 1 2 1) we use the collision bracket in the form (1.17). Due to (1.7) and (2.1, 2) we have and
Carrying out the integration over V we find The scattering cross section a (e, e') can be divided into a spin-independent part oo(e • e') and a spin dependent part. Later on we shall need integrals like (2.9) where the spin-dependent part of a{e, e') has been neglected, i.e. where ao replaces a. For these we shall write Q^1-^ (without the bar). Thus we arrive at the conclusion that there is no (direct) coupling between heat flux and "azimuthal spin" (Fxs) in a pure gas of particles with spin.
No assumptions concerning the spin dependence of the scattering amplitude have been made. This result is typical for a pure gas. With a mixture of spin particles, the azimuthal spin may be coupled to both the heat and diffusion flows.
Next we want to express the other a/\ 3) (k = 4 -7) by curly bracket integrals (which are non-zero in general).
Integrating over V one finds: Hence we arrive at the important conclusion that Thus we see that both 4> (6) and <£ (7) Now we shall deal with the "tensor" relaxation = 8 ~~-{y 2 (y 2 -3 ) slßeß evaa(e,e')} . coefficients 1 Again oa only gives a contribution to this relaxation co< +2^= w (^V))o » (4-1) coefficient. For a gas-mixture, however, one obtains a relaxation coefficient containing as which couples the "weighted" tensor polarization <(F 2 -3 ) sß sv) to the friction pressure.
Next, we note that tofh 3 2 1) is proportional to coij 3) much as co+2 1) equals coi* 3) apart from a constant factor. A short calculation yields r.,(31) _ _ r/)(i3) _ _ A i/o Now we want to determine the relative importance of the various nondiagonal relaxation coefficients coif) and co*.* 1 * which have been expressed by curly bracket integrals in the preceding sections. All these relaxation coefficients leading to a correlation between velocity and spin are zero unless the scattering amplitude contains a "nonspherical" part. Not all of them are of equal importance for the Senftleben effect.
+2 -
A two-particle operator like the scattering amplitude or the two-particle interaction potential is called "spherical" or "nonspherical", respectively, if it does or does not commute with the total spin «1 + S2 • As a measure of the nonsphericity we introduce the scaling factor e which determines the order of magnitude of the nonspherical part of the twoparticle interaction potential as compared with its spherical part. The nonspherical part of the scattering amplitude then contains terms of order e and higher powers in e. As a typical value, one may expect e ^ 0.1. The interaction potential for two ortho-H2 molecules at low temperature (i.e. spin 1) contains two nonspherical terms which are proportional to 10 exßxv SßV Here x is the vector pointing from the c.m. of molecule 1 to the c.m. of molecule 2. It is presumed that the interaction does not depend on velocities (no spin-orbit coupling). This is always true for slow particles. A term of the type (5.1) can be expected to be a common feature in the interaction of rotating diatomic molecules, although with higher spins additional terms with higher rank spin -tensors may occur.
Then the scattering amplitude has the form 12 a = a0 + e A ßV Sßv + e Bßv,XxsXßsXv S2A«2X + 0 (e 2 ). The scalar coefficients «i and a2 -just as ao -depend on the relative kinetic energy (i.e. on y 2 ) and the angle of deflection x-An explicit expression for the tensor B... corresponding to (5.5) is not needed since the i?-term gives no contribution of order e to the relaxation coefficients in which we are interested.
Terms of the scattering amplitude which are antisymmetric under the interchange e, e' -> e , e, e.g., a term proportional to n • («1 + s2) , are of order e 2 . Indeed, such terms appear only in the second Born approximation. This holds for any parity and time reversal invariant interaction potential which does not depend on the relative momentum of the colliding particles; in particular, it is true for potentials of the type (5.1) and (5.3).
Hence nondiagonal collision brackets involving os can be expected to be of order e whereas those containing oa will be at least of order e 2 . Note that, in order e, only the A-term of the scattering amplitude resulting from an interaction potential of type (5.1), but not the 5-term, resulting from a potential of type (5.3), contributes to the relaxation coefficients (5.7) and (5.8). The reason is that the J5-term of (5.4) contains both of the spins as factors so that up to terms of order E vanishing traces "faV occur.
Using ( By (5.7-10), supplemented by the relations (3.17) and (4.13), all relaxation coefficients of order £ which couple the heat flow and the friction pressure with mean values of the spin dependent expansion tensors (3.2) and (4.2), respectively, have been expressed by generalized ß-integrals.
In contrast to cro = | «01 2 whose dependence on y 2 and x is well known for certain model interaction potentials, little is known about a\ and a2. In order to get a feeling for the orders of magnitude involved we apply the guess: a\ = 0 , ao -ao .
(5.13)
Then one has Q«{ r) = 0 , Q%i r) = Q il ' r) (5.14)
where Q (l ' r) contains the cross section ao = |«o| 2 -This model is somewhat similar to the nonspherical collision model introduced by KAGAN and MAKSIMOV 5 for classical rotating molecules. Note, however, that a scattering amplitude with property (5.13) still yields non-zero relaxation constants for the vector and tensor polarization. This is different from the classical KM-model. Now we shall consider the diagonal relaxation coefficients which are also of interest for the Senftleben-Beenakker effect. These are, in view of (5.6-8), the relaxation coefficients w^ and co^ with k = 6,7.
By neglecting the nonspherical part of the scattering amplitude and evaluating the spin traces (see I), one may relate these relaxation coefficients to CHAPMAN'S collision brackets 11 [..., .. .]I2 which occur with gas-mixtures. The error involved in this "spherical" approximation is of order e 2 . One finds: 
